Abstract Distribution pipe biofilms present a currently unquantified public health risk to consumers receiving water for domestic potable and non-potable use. The aim of this study was to quantify the numbers of legionellae, used here as model bacterial pathogens, that may accumulate, persist within and detach from distribution pipe biofilms. L. pneumophila recovered by standard culture from an 8 week-old biofilm formed within a novel pilot-scale water distribution system represented 1% of those present in the adjacent bulk water. A combined chlorine concentration exceeding 0.2 mg.L -1 eliminated culturable sessile legionellae altogether, though the reduction in FISH-positive cells represented just 75 ± 25% of the original amount, compared to a 5-log reduction in culturable cells during the same period. Where there was < 0.1 mg.L -1 combined chlorine, an exponential decay/loss of sessile L. pneumophila was observed (k = 0.37 -0.41) over the course of a 38-day experimental period. The inoculation of the system with 1 µm fluorescent microspheres and legionellae demonstrated that removal of the latter was dominated by chemical disinfection, with erosion and biological grazing playing lesser roles. Under turbulent (Re~ 5000) conditions, larger clusters of biofilm become detached from substrata, with more than 90% of sessile legionellae mobilised into the bulk water phase. Interaction with both biofilms and a thermophilic Acanthamoeba isolate reduced the susceptibility of legionellae to thermal inactivation by between one and two orders of magnitude, though it increased their sensitivity to chemical (free and combined chlorine) disinfection.
Introduction
The microbial biofilms that form ubiquitously on pipe surfaces within distribution systems have the potential to act as reservoirs for the long-term survival of microbial pathogens (Szewzyk et al., 2000; Storey and Ashbolt, 2001) . Pathogenic bacterial species that have been isolated from distribution pipe biofilms include opportunistic members of Aeromonas, Legionella, Mycobacteria and Pseudomonas (Szewzyk et al., 2000) . Problems can therefore arise when concentrated numbers of such biofilm-associated pathogens become detached from substrata (Stoodley et al., 2001) where they have the potential to reach the consumer as an infective dose. A pathogen that can act as a model for such events is Legionella pneumophila. L. pneumophila has been responsible for countless deaths in both developing and industrialised nations worldwide since its association with human pneumonia was first described in 1976 (Fields et al., 2002) . Groups most at risk of legionellae infection are the elderly, the sick and immuno-compromised, with conservative estimates suggesting that these sub-populations represent around 20% of an industrialised nation (Gerba et al., 1996) . Whilst this value is expected to be much greater in developing nations, the percentage of immunocompromised individuals and their subsequent susceptibility to legionellae infection has not been extensively studied.
Quantitative microbial risk assessment (QMRA) can be used to quantify the magnitude of risk that could arise from human exposure to pathogens such as L. pneumophila (Rusin et al., 1997) . QMRA is arrived at through a formal procedure that includes problem formulation (cf hazard identification within a defined system) and exposure assessment, which when combined with dose-response assessment provides an overall risk estimation of the likelihood of infection or clinical illness (Haas et al., 1993) . There currently exists a paucity of exposure and dose-response data that severely limits the development of legionellae QMRA models. Notwithstanding this, the primary objective of the current study was to address data gaps in legionellae exposure assessment; being their colonisation and persistence within potable water biofilms, their inactivation by conventional disinfection as well as their detachment from biofilms and substrata (Storey et al., 2004) . For this part, a novel pilot-scale water distribution system was developed to investigate the colonisation and persistence of legionellae. Numbers of microbial pathogens associated with detached biofilm were estimated over a range of simulated "detachment events" within an alternative model distribution system (Annular Reactor). Furthermore, the current study aimed to provide complementary information on the behaviour of legionellae exposed to a range of conventional thermal and chemical (free and combined chlorine) disinfection regimes. The data generated in this study aim to provide additional information required for improved treatment and distribution management strategies as well as for the development of QMRA models that accurately describe the risk of legionellae within a water distribution system.
Methods
Legionellae accumulation and persistence studies Natural potable water biofilms were propagated on glass coupons within a pilot-scale water distribution system constructed within the Lovö Waterworks, Sweden. The pilot-scale system comprised one kilometre of 50 mm polyethylene tubing that was connected directly to the conventional water treatment works. Water had previously been treated by chemical precipitation, flocculation, sedimentation and sand filtration prior to chloramination and distribution to a region within the Greater Stockholm Area at a temperature of 7 ± 1°C. Glass coupons were located within online sampling devices that sourced water at distances of 100, 300, 500 and 800 metres post the treatment plant, equating to residence times of 0.1, 15, 40 and 110 hours within the distribution system, respectively. The concentration of free and total chlorine was determined in each coupon device by DPD analysis (Hach Industries Pty. Ltd.). Biofilms were allowed to accumulate on coupon surfaces for a period of eight weeks after which time they were challenged with Legionella pneumophila (ATCC 31215) and 1.0 µm carboxylate-modified fluorescent latex Microspheres (Molecular Probes, Oregon), each at an approximate concentration of 10 8 particles.mL -1 . This water was recirculated throughout the in situ coupon devices for a period of 24 hours, after which time the device was run in single-pass mode over a 38 day experimental period (manuscript in preparation).
On sampling days 1, 2, 6, 12 and 38, triplicate coupons were removed from sampling devices and biofilms recovered from coupon surfaces by scraping, a technique that had previously demonstrated a greater than 3-log recovery of bacteria from substrata. Biofilm homogenates were then serially diluted with 1 ⁄4 strength Ringers solution and assayed for L. pneumophila on BCYE agar according to ISO Method 11731 (36 ± 1°C for up to 10 days). L. pneumophila were also enumerated by fluorescence in situ hybridisation (FISH) using the Cy3-conjugated 16S rRNA probe LEG705 (Genset Oligonucleotides Inc., Paris), a general probe specific for the family Legionellaceae (Manz et al., 1995) . Fluorescent microspheres were enumerated directly by epifluorescence microscopy.
Natural potable water biofilms were also propagated on stainless steel coupons at 36 ± 1°C within two annular reactors (Biofilm Reactors, BR™, Figure 1 ) (Storey and Ashbolt, 2002) over a period of 8 weeks. Each BR™ was fed tap water and rotated at a linear velocity corresponding to a Reynold's number (Re) of 650 within the device. After this time the BR™ was enriched with L. erythra at a final concentration of approximately 10 4 cfu.mL -1 both in the presence and absence of a thermophilic acanthamoebae isolate (Acanthamoeba castellanii), which had been previously dosed at a concentration of 10 3. mL -1 , and the mixture recirculated throughout the BR™ for a period of two weeks. L. erythra had previously been harvested from BCYE agar plates after 72 hours incubation, washed three times in phosphate buffered saline (PBS) before being adapted to oligotrophic conditions for 72 hours at 4°C.
A range of "detachment events" were simulated within each BR™. Three scenarios were investigated, the first placing hydraulic conditions within the laminar range (Re = 1,000), the second at the transition between laminar and turbulent flow (Re = 3,000), and the third within the turbulent range (Re = 5,000). Coupons were exposed to each regime for one minute, which was used as an arbitrary length of time to simulate different hydraulic events within a distribution system. After this time the numbers of sessile and planktonic (detached) L. erythra were assayed using standard culture and FISH techniques described previously.
Legionellae disinfection studies
The efficacy of thermal as well as chemical (free and combined chlorine) disinfection on planktonic and sessile legionellae was examined in batch in both the presence and absence of A. castellanii. For planktonic studies, 3-day cultures of L. pneumophila and L. erythra were adapted to oligotrophic growth conditions and incubated for a further 72 hours at 4°C. Legionellae were then diluted with PBS and added to acid-washed (5% HNO 3 ) glass vials and exposed to the following conditions; thermal disinfection (40, 50, 60, 70 and 80°C) ; free (0, 1, 2, 5, 10, 20, 50, 100 mg.L -1 ) and combined (0, 1, 2, 5, 10, 20, 50, 100 mg.L -1 ) chlorine. Free chlorine was produced by the dilution of sodium hypochlorite with Milli-Q, M.V. Storey et al.
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Figure 1 Biofilm disinfection and detachment studies were carried out in two Biofilm Reactors, BR™. Biofilms were formed on stainless steel coupons in tap water that had been enriched with legionellae while combined chlorine was produced through the reaction of free chlorine with ammonium sulphate. Samples were taken at 0, 10, 30 and 60 minutes from each treatment, with free and combined chlorine neutralised by the addition of sodium thiosulphate (1%). Suspensions were assayed for the number of legionellae using methods described previously. For sessile legionellae disinfection studies, potable water biofilms were formed on stainless steel coupons within a BR™ as described previously. After eight weeks, coupons were removed from the device and exposed to thermal and chemical disinfection regimes (contact time 10 minutes) and assayed for legionellae using methods described previously.
Results and discussion
Legionellae accumulation and persistence studies Approximately 1% of L. pneumophila present in the adjacent bulk water were recovered from biofilms by standard culture immediately following the 24 hour inoculation period, with a sub-population of these remaining culturable throughout the experimental period. Both the accumulation and persistence of sessile culturable legionellae was shown to be proportional to the concentration of combined (total) chlorine, with concentrations of 0.3 mg.L -1 , 0.2 mg.L -1 and < 0.1 mg.L -1 being recorded at increasing distances from the point of distribution (Table 1) . Temperatures recorded in biofilm devices varied from 6-8°C throughout the experimental period, and this was considered useful as it inhibited the potential regrowth of legionellae.
Culturable L. pneumophila were recovered throughout the duration of the experimental period from biofilms formed on coupons exposed to water sourced at distances of 500 and 800 metres post the point of distribution (Figure 2 ). Water in both cases equated to residence times of 40 and 120 hours within the Stockholm Water distribution system (Table 1, Figure 2 ). Culturable legionellae were detected only until day 12 in biofilms formed at distances of 100 and 300 metres post distribution (0.1 and 15 hours residence, respectively). A combined chlorine concentration exceeding 0.2 mg.L -1 was therefore found to be sufficient to prevent the establishment of L. pneumophila within the pilot-plant distribution system. Chlorine concentrations less than this value, which are often found at the customer ends of a distribution system (Block et al., 1993) , were recorded at sites 500 and 800 metres post distribution. An exponential decay/loss of L. pneumophila was observed at both sites, with k values of 0.41 and 0.37 recorded respectively. Parallel studies undertaken on day two demonstrated no significant difference to results obtained on day one (p < 0.001).
The number of L. pneumophila detected by conventional plating methods represented but a small fraction of those that could be enumerated by FISH. Whilst the exact human health significance of this remains unknown, this finding may continue to question the reliability of standard culture methods currently employed for the detection of legionellae and other microbial pathogens in environmental systems. Despite the absence of culturable cells at the conclusion of the experimental period in sites closest to the point of distribution M.V. Storey et al.
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Table 1 Culturable L. pneumophila recovered from biofilms formed on glass coupons in water sourced at distances of 100, 300, 500 and 800 metres from the point of distribution, expressed as cfu.cm -2 ± 1 SD of biofilm coverage. Concentrations of total (free and combined) chlorine at corresponding sites are expressed in mg.L -1 and the residence time of influent water expressed in hours (h)
[Cl] L. pneumophila (cfu.cm -2 ) (h) mg/L Day 1 Day 6 Day 12 Day 38 100 0.1 0.3 1.0 ± 2.5 9.6 ± 13 0.51 ± 1.2 0 300 15 0.2 1.6 × 10 3 ± 3.6 × 10 2 3.4 × 10 2 ± 2.9 × 10 2 0.51 ± 1.2 0 500 40 <0.1 2.8 × 10 5 ± 8.3 × 10 4 9.0 × 10 2 ± 6.7 × 10 2 5.0 × 10 2 ± 5.5 × 10 2 1.5 ± 3.7 800 110 <0.1 7.6 × 10 5 ± 3.0 × 10 5 4.2 × 10 4 ± 3.7 × 10 4 2.4 × 10 3 ± 1.6 × 10 3 52 ± 81
(100 and 300 m), FISH-positive cells were detected in all systems during this time ( Figure  2 ). The reduction in such represented 75 ± 25% of the original amount, despite a 5-log reduction in culturable cells during the same period. At the commencement of the experiment, the percentage of culturable over the total (FISH-positive) L. pneumophila ranged from 0.002% to 58% in sites at 100 m and 800 m post distribution, respectively. At the conclusion of the experimental period, corresponding values of 0 and 0.1% were recorded in either site, respectively. As opposed to the enumeration of culturable bacteria, fluorescent latex microspheres permitted us to apportion legionellae decay/loss to biological and physical processes given their resistance to disinfection and biological grazing. Loss or decay of legionellae from biofilms within the system was thus predominated by inactivation by disinfection, with detachment/desorption and grazing playing supporting roles. In the site that sourced water 100 m post distribution, there was no significant reduction observed for the numbers of fluorescent microspheres associated with biofilm (p > 0.001), though at distances greater than this, there was a decrease of between one and two logs, with k-values of 0.09 and 0.14 recorded at sites 500 and 800 m, respectively.
Legionellae/biofilm detachment studies
Legionellae were present in the order of 10 2 -10 3 cells per mL in the bulk water phase under laminar flow that was present at the commencement of the experimental period. This observation was attributed to continual bacterial detachment (erosion) and reattachment that is normally observed under such conditions (Stoodley et al., 1999) . A more intermittent process termed biofilm sloughing was observed when hydraulic conditions exceeded the laminar state (Re = 3,000). Under turbulent conditions (Re = 5,000) large clusters of biofilm became detached, with more than 90% of legionellae detached from the substratum surface and mobilised into the adjacent bulk water phase. This pilot study demonstrated that concentrated numbers of legionellae could be visualised within detached biofilm, with cell numbers ranging from a few in small clusters to as many as 100 in larger aggregates. Ongoing work will further investigate numbers of legionellae associated with detached biofilm. One milligram per litre of free chlorine gave a 0.5 log reduction of planktonic L. erythra after 10 minutes, increasing to 1.5-logs after one hour. Free chlorine at this concentration, however, had no measurable effect against legionellae co-cultured with A. castellanii. Combined chlorine was found to be a better disinfectant against legionellae present within both biofilms and acanthamoebae co-culture, which is in line with what is routinely observed (Griebe et al., 1994) , though thermal disinfection remained the most effective of the disinfection types. Concentrations greater than 1 mg.L -1 of free chlorine and all concentrations of combined chlorine were more effective against legionellae co-cultured with acanthamoebae than against planktonic legionellae. This finding is in contrast to what is generally found in the literature, and requires further investigation, though it could be explained in part by an increased metabolic activity (cf antibiotic sensitivity) accompanying acanthamoebae-bound legionellae. The interaction with both biofilm and acanthamoebae however was shown to increase the resistance of legionellae to thermal disinfection by between one and two orders of magnitude. Thermal disinfection resulted in a 6-log reduction of planktonic legionellae at 60°C after one hour, increasing to more than 8-log at 80°C. Both L. pneumophila and L. erythra demonstrated similar persistence and behaviour to all treatment methods investigated, suggesting the suitability of L. erythra as a surrogate for further investigations of legionellae given the greater human health risk associated with L. pneumophila.
Conclusions
The current study has provided preliminary information that can assist in the development of QMRA models that more accurately describe the risk of legionellae within a water distribution system. As such, the colonisation and persistence of legionellae within biofilms was quantified on the pilot-scale, as were the detachment of legionellae from substrata and the efficacy of conventional disinfection against sessile and planktonic legionellae. This information addresses gaps in data that are currently required for improved water treatment and distribution management strategies, and for the development of more realistic QMRA models. Traditionally, models have focused on engineering process and unit treatment removal rates whilst at the same time ignoring microbial ecology and the interaction of legionellae with protozoa and distribution pipe biofilms.
